Abstract Research on residential segregation and health, primarily conducted in the USA, has chiefly employed city or regional measures of racial segregation. To test our hypothesis that stronger associations would be observed using local measures, especially for racialized economic segregation, we analyzed risk of fatal and nonfatal assault in Massachusetts (1995Massachusetts ( -2010, since this outcome is strongly associated with residential segregation. The segregation metrics comprised the Index of Concentration at the Extremes (ICE), the Index of Dissimilarity, and poverty rate, with measures computed at both the census tract and city/town level. Key results were that larger associations between fatal and non-fatal assaults and residential segregation occurred for models using the census tract vs. city/town measures, with the greatest associations observed for racialized economic segregation. For fatal assaults, comparing the bottom vs. top quintiles, the incidence rate ratio (and 95% confidence interval (CI)) in models using the census tract measures equaled 3.96 (95% CI 3.10, 5.06) for the ICE for racialized economic segregation, 3.26 (95% CI 2.58, 4.14) for the ICE for income, 3.14 (95% CI 2.47, 3.99) for poverty, 2.90 (95% CI 2.21, 3.81) for the ICE for race/ethnicity, and only 0.93 (95% CI 0.79, 1.11) for the Index of Dissimilarity; in models that included both census tract and city/town ICE measures, this risk ratio for the ICE for racialized economic segregation was higher at the census tract (3.29; 95% CI 2.43, 4.46) vs. city/town level (1.61; 95% CI 1.12, 2.32). These results suggest that, at least in the case of fatal and non-fatal assaults, research on residential segregation should employ local measures, including of racialized economic segregation, to avoid underestimating the adverse impact of segregation on health.
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Background
At a time of mounting economic polarization within and across myriad cities and countries [1] [2] [3] , along with political tensions involving ethnic and anti-immigrant discrimination [4] [5] [6] , it is important to ask if the predominant approach to studying the health impacts of residential segregation is sufficient. Typically, in both population health and social science research, measures of residential segregation are computed at the city or regional level, and these measures usually pertain to racial segregation [7] [8] [9] [10] [11] or, less commonly, economic segregation [12, 13] . Indicative of the conventional approach, a 2009 review article on segregation and health focused solely on racial segregation and stated that: Bmost social scientists utilize measures that acknowledge 2 scales of geography: subareas (e.g., neighborhoods) situated within larger overall geographic areas (e.g., cities or metropolitan areas) [8, p.180] .^Such measures provide solely city or metropolitan area measures of segregation, which are the norm for measures reported by the US census [7] .
Our concern, building on recent work on extreme concentrations of privilege and deprivation [14] [15] [16] [17] [18] [19] [20] [21] and on local segregation [22] [23] [24] [25] , is that health outcomes are more likely to exhibit stronger associations with segregation measures that (1) are computed at the local, compared to city level, and (2) are computed jointly in relation to income and race/ethnicity, rather than only one or the other. To test our hypothesis, we selected an outcome welldocumented to be positively associated with adverse racial residential segregation and economic deprivation: fatal and non-fatal assaults, especially those involving firearms [26] [27] [28] [29] [30] . The conceptual underpinning for our hypothesis is provided by the ecosocial theory of distribution, which addresses how people's societal, historical, and ecological context shapes not only population health but also how it is analyzed [6, 31] .
Methods

Study Population
Our observational study employed statewide data for Massachusetts for 1995-2010 from Massachusetts Department of Public Health (MDPH) vital statistics [32, 33] and the Weapons-Related Injury Surveillance System (WRISS) [30, 34] . Rendering Massachusetts a suitable site, the state has stark racial/ethnic inequities in risk of homicide [33] and non-fatal weapons-related assaults [30] , and also high levels of urban income inequality [35, 36] , and racial segregation [37] . The study was approved by the Institutional Review Boards of the Harvard T.H. Chan School of Public Health (Protocol IRG15-0693) and the Massachusetts Department of Public Health (Project 724047-1).
Each case's record included data on the case's age and residential address at the time of the assault, gender, race/ethnicity (using the US census categories, provided below), and also whether the assault was due to firearm or some other cause [32, 38] . For these analyses, we conceptualized race/ethnicity as a social construct arising from inequitable race relations that historically have been linked to, but are not identical to, inequitable social class relations [5, 6] .
We employed ArcGIS [39] to geocode the residential address of each case to its latitude and longitude; only 18 (0.7%) of the 2589 fatal cases and 1492 (5.2%) of the non-fatal cases could not be geocoded to this level of precision. To account for changes in census tract boundaries, we used the Geolytics Neighborhood Change Database [40] . To compute rates at the census tract and city/town levels, we used US Census decennial population denominator data for 1990 and 2000, and American Community Survey data for 2008-2012 (with the 5-year average centered around 2010), and interpolated counts for intercensal years [40] [41] [42] . To create a data structure in which all city/towns contained at least 1 census tract, we aggregated 59 small towns (out of the state's 351 city/towns) which were nested within census tracts that contained ≥2 towns into 21 Bsuper towns^contain-ing 1 census tract each; the population in these small towns accounted for 1.1% of the person-time under the period of study (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) .
Area-Based Measures: Index of Concentrations at the Extremes, Index of Dissimilarity, and Poverty Rate
We used the US Census data [40] [41] [42] , to generate our three types of area-based measures at the census tract and city/town levels: the Index of Concentrations at the Extremes (ICE) [14, [19] [20] [21] , the Index of Dissimilarity [7] , and the poverty measure [43, 44] . In Table 1 , we provide the formulas and conceptual and operational definitions of the variables employed.
Briefly stated, the ICE was developed in 2001 by Douglas Massey [14] , a leading US scholar on racial segregation and economic stratification [48] [49] [50] . He designed the ICE to quantify the extent to which an area's residents are concentrated into groups at the extremes of socioeconomic deprivation and privilege. A value of −1 means that 100% of the population is concentrated in the most deprived group and a value of 1 means that 100% of the population is concentrated into the most privileged group. Primarily employed in social science research [14, [55] [56] [57] , the ICE has begun to be used in public health research [15-21, 45, 58-60] , including our novel extension to compute ICE measures for both racial segregation and racialized economic segregation [19] [20] [21] . The Index of Dissimilarity, one of the most widely used measures of racial segregation [7] [8] [9] [10] [11] , in turn measures the extent to which a region's population (e.g., in a city) would need to be redistributed across sub-units (e.g., census tracts) to achieve a uniform distribution. Measures of area-based poverty rate are widely used in public health research and reports [44, 47] .
Statistical Analyses
We first assessed characteristics of the total MA population and the cases in relation to individual, census tract, and city/town characteristics. We next computed the average age-standardized annual incidence of the fatal and non-fatal weapons-related assaults stratified by these same individual, city/town, and census tract characteristics.
Drawing on standard multilevel approaches for modeling small-area disease rates [61, 62] , we used a Poisson multilevel model framework to model relationships between, respectively, the city/town and census tract measures and the risk of fatal and non-fatal assault injuries (total and firearm-only); these models adjusted for covariates, and included random effects at the census tract, city/town, and county level. For the mortality analyses, we used the observed data, given virtually no missing data (0% for most variables and <0.1% for age and race/ethnicity; Table 2 ). For the non-fatal injury data, we used Amelia II [63] to create five imputed data sets, since missingness ranged from 1.2 to 10.2% for the selected individual-level characteristics (Table 2) . We fit all models in R using the glmer() function as part of the lme4 package [64] and assessed model goodness-of-fit with the AIC and BIC statistics [61, 62, 64] . Table 2 ). Cases (persons assaulted) were disproportionately concentrated, compared to the total state population, among young adults; black non-Hispanic and Hispanic persons; men; residents of large cities (population >175,000); and the counties in which these cities are located (Table 2) . Whether using the census data averaged over time ( Table 1 ), cases also were more likely to reside in census tracts and city/ towns with higher poverty rates and with greater extreme concentrations (i.e., lower ICE values) of low-vs. high-income persons, black vs. white persons, and lowincome black vs. high-income white persons, and also with higher poverty rates; they also were more likely to reside in cities (but not census tracts) with higher values for the Index of Dissimilarity (Table 2 ). These same groups had higher age-standardized rates for assaults compared to the on-average state rates (Additional Table 2 ).
Results
Between
We summarize key results of our multilevel analyses in Fig. 1 Tables 3 and 4 . The figures show the covariate-adjusted incidence rate ratios (IRR) and 95% confidence intervals (CI) for each type of assault for each of three ICE measures (income; race/ethnicity; income + race/ethnicity), the Index of Dissimilarity, and the continuous and categorical poverty measures; in all models, the best-off category served as the referent group. Models 1, 2, and 3 respectively included Table 1 Index of Concentration at the Extremes (ICE), poverty, and Index of Dissimilarity (ID): variable definitions a) Formula for the ICE and its conceptual and operational properties [14] ▪ Formula ICE i = (A i − P i )/T i where, for a given area j:
A i = number of persons in the most privileged category P i = number of persons in the most deprived category T i = total count of persons belonging to population categorized in relation to the privilege/deprivation measure (e.g., income) ▪ Conceptual and operational properties a) The ICE ranges from −1 to 1, i.e., spanning from everyone in the extreme deprived category to everyone in the extreme privileged category, and it can be modeled as both a continuous measure or as a categorical measure (e.g., quintiles). b) Although a value of 0 theoretically could arise from two different scenarios-(1) the plausible scenario in which no persons are in either of the extremes, and (2) the implausible scenario in which an equal number of persons are in solely the two extreme categories (highly unlikely because of how spatial social polarization occurs), analyses of ICE values for census tracts within two US states (Massachusetts and New York) and their largest cities (Boston and New York City) demonstrated that only the first scenario was operative [19, 21] . c) Conceptual and operational features of the ICE:
• The ICE avoids well-known problems of colinearity that occur when analyses try to employ, simultaneously, separate measures of neighborhood poverty and wealth, which typically are highly (and inversely) correlated [14, 44, 45] , as would also be the case for models that jointly include measures of percent white and percent black [21] .
• The ICE can be computed in relation to one or multiple domains of privilege and deprivation, e.g., combine data on income and race/ ethnicity [19] [20] [21] .
• In contrast to the Gini Index (for income inequality) and Index of Dissimilarity (for racial segregation), which cannot be meaningfully used at lower levels of geography on account of spatial social segregation [14, 44] , the ICE can meaningfully be employed for both smaller and larger geographic units (e.g., census tract and city/town) [14] [15] [16] [17] [18] [19] [20] [21] .
b) Conceptual and operational definition of the ICE measures, the poverty measure, and the Index of Dissimilarity, using US census data (1990 and 2000) [40] [41] [42] Operational: ((N of persons in high-income households) -(N of persons in low income households) / total population with household income data Conceptual: cut-points for high and low income were respectively set at the 20th vs. 80th US household income percentiles [46] , which are cutpoints typically used in analyses of income inequality [1, 2, 12, 47] , and which for 2010 respectively were <$25,000 and ≥$100,000 [46] .
1990: P80 2000: P80
B19001
Race/ ethnicity Racial residential segregation: white (high racial privilege) vs. black (low racial privilege)
Operational: ((N of persons self-identified as Bwhite non-Hispanic^) − (N of persons self-identified as Bblack non-Hispanic^)) / total population with race/ethnicity data Conceptual: we selected these two groups [19] [20] [21] Operational: ((N of persons self-identified as Bwhite non-Hispanic^with high income) − (N of persons self-identified as Bblack alone^with lowincome)) / total population with race/ethnicity and household income data Note: the US census provides data on income only for persons selfidentified as Bblack alone^(i.e., did not check boxes for any other racial/ethnic groups), not for Bblack non-Hispanic [40] [41] [42] ." Conceptual: As stated by Massey in 2014, low-income black versus highincome white persons Bcontinue to occupy opposite ends of the socioeconomic spectrum in the USA [50 (p. 324)]," and the construct of racialized economic segregation [19] [20] [21] captures the empirical reality of the socially structured co-determination of these forms of spatial social polarization [5, 6, 28] . The high-income and low-income cutpoints were the same as employed for the ICE for income (20th vs. 80th percentile for US household income).
1990: P80 2000: P80
B19001
Local Residential Segregation Mattersonly the census tract measures, only the city/town measures, and the measures for both levels. Covariates comprised the cases' age, race/ethnicity, gender, year of assault, and city/town population size; all models included random intercepts for census tract, city/town, and county. As shown in Figs. 1 and 2, two central findings stand out. First, risk gradients were both steeper and more consistent, for each measure of segregation and poverty, for the census tract as compared to the city/town measures. Moreover, in models containing both levels, independent strong social gradients consistently occurred only for the census tract measures. Second, at both geographic levels, the steepest social gradients were consistently observed for the ICE for racialized economic segregation, followed by the ICE for income and the poverty measure. By contrast, the ICE for race/ethnicity exhibited a risk gradient only at the census tract level, and the Index of Dissimilarity showed no associations at either level.
Illustrating these patterns are the results for total fatal assaults (Fig. 1 , panel a; see also Additional Table 3) . For these models, the covariate-adjusted IRR equaled (a) for the ICE for income + race/ethnicity, 3 
Index of Dissimilarity
Racial residential segregation
Operational:
where b = N of black persons in smaller areal unit (e.g., census block group) and B = N of black persons in the larger areal unit (e.g., census tract or city); w and W are corresponding values for the white population [7] . In our study, we used the block group as the smaller areal unit for computing both the census tract and city measures. Conceptual: The Index of Dissimilarity is the most commonly employed measure of residential segregation, including within public health literature, and is main measure employed by the US Census Bureau [7] [8] [9] [10] [11] , It is a measure of the unequal distribution of the specified social groups across sub-units areas within a larger area (e.g., census tracts or neighborhoods within a city). High values indicate the two groups share no sub-units areas in common, and low values indicate that the all sub-unit areas include the same relative numbers of the two groups included in the larger area [7] .
1990: P12 2000: P7
B03002
Poverty Economic deprivation Operational: (number of persons below the US poverty level/number of persons for whom the US poverty level is determined).
Conceptual:
To enable comparison to other population data, including public health data, widely analyzed in relation to the US poverty level, we computed the proportion of population below the poverty line as defined by the US census [43, 44] . The US poverty threshold was first devised in the mid-1960s in relation to the cost of what was termed an Beconomy food plan,^which took into account the number and age of persons supported by the household income; it subsequently has been adjusted annually for inflation [51, 52] . The US census defines Bpoverty areas^to be ones in which ≥20% of the population is below the US poverty line [53, 54] , with conventional cut-points used in public health monitoring comprising <5%, 5 to <10%, 10 to <15%, 15 to <20%, and ≥20% [44] . Analogous patterns were observed for fatal assaults restricted to firearm-only (Fig. 1, panel b ; Additional Table 3 ) and for the non-fatal weapons-related assaults (total and firearm-only) (Fig. 2, Additional segregation measures computed at the census tract as compared to city/town level. Additionally, consistently greater risk gradients were detected with the ICE measures for racialized economic segregation, as compared to (a) the ICE for income and the ICE for race/ethnicity, and (b) the poverty measure and the Index of Dissimilarity. Together, these results suggest that conventional approaches solely employing city or regional measures of racial segregation (including the Index of Dissimilarity [8] [9] [10] [11] ) are likely to underestimate the association between fatal and non-fatal assaults and residential segregation.
Regarding study strengths and limitations, our investigation used high-quality statewide vital statistics and surveillance data [32-34] and had over 80% power (two-sided alpha = 0.05) to test our a priori hypotheses. By design, our study was not a causal analysis, but instead was intended to generate novel descriptive data that could inform public health monitoring [21, 44] and place-based interventions [66] , as well as spark more complex causal investigations. Possible foci for research on the mechanisms that both generate residential segregation and their health impacts might be, in the case of assaults, the range of institutional and interpersonal practices that protect racial and economic privilege [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , along with US policies that permit firearms to be widely available [26] [27] [28] . Supporting such an approach is a new US national multilevel analysis, which found that Bthe percentage black plays no detectable role net of controls, in predicting violent crime in cities with a black mayor, significant black elected representation, a civilian police review board, high percentages of a Democratic voting electorate, high rates of minority advocacy organizations, and post-civil rights histories of rioting [67] ." Notably, none of these types of contextual measures or even more limited measures of racial segregation were included in the 2016 Epidemiologic Reviews volume focused on understanding and preventing gun violence [68] . Lending credence to our findings, our results for the ICE measures were in accord with those of our three prior city-specific analyses, conducted within either Boston or New York City [19] [20] [21] . All three studies found that (1) ICE measures combining data on race/ ethnicity and income typically detected sharper social gradients in health outcomes as compared to (a) the poverty rate, and (b) ICE measures for income, and (2) gradients detected at the census tract level exceeded those detected at higher levels (e.g., community district) [19] [20] [21] . Because these studies were each based within only one city, however, they could not contrast use of the ICE at the census tract versus city/town level.
We recognize that the steeper mortality gradients observed using spatial segregation measures computed at the census tract compared to city/town level should not be surprising, since aggregation typically reduces (and cannot increase) variation [45, 61] . Nor should it be surprising that a measure that jointly quantifies racial/ethnic and economic residential segregation reveals larger inequities than segregation measures which focus only on racial/ethnic segregation or only on economic segregation [19] [20] [21] . What is striking, however, is that the most common measures of residential segregation, including those used in public health and social science research, have been single-focus (e.g., Index of Dissimilarity for race/ethnicity only) and have primarily been computed at the city level or higher [7] [8] [9] [10] [11] .
We acknowledge that data for one state in the USA are not representative of all states and also that more comprehensive analyses should assess US residential racial/ethnic segregation for not only the US black vs. white non-Hispanic population but for other US racial/ethnic groups as well, e.g., Hispanic, Asian and Pacific Islander, and American Indian and Alaska Native vs. white non-Hispanic [7, 37] . However, as explained above, Massachusetts constitutes an apt state for testing our novel study hypotheses due to both its high levels of income inequality and racial/ethnic segregation [35] [36] [37] and its racial/ ethnic and economic inequities in fatal and nonfatal assaults [30, 33] . Supporting use of our ICE for racialized economic segregation, within the USA, low-income black persons versus highincome white persons Bcontinue to occupy opposite ends of the socioeconomic in the USA^ [50, p. 324] . One advantage of the ICE, as contrasted to local measures of relative segregation (which compare the probability of two groups encountering each other in a given neighborhood as compared to the probability in the city overall, taking into account the composition of adjacent neighborhoods [22] [23] [24] [25] ) is that the ICE transparently measures the absolute concentration of place-based privilege and deprivation using a metric easily compared across neighborhoods, cities, and regions. Future research, in the USA and other regions and countries, could expand testing our study hypotheses to address diverse health outcomes, as well as use ICE defined in relation to additional racial/ethnic groups and also nativity, as well as in relation to wealth, education, employment, and other socioeconomic parameters.
Conclusions
In summary, our study provides empirical evidence that measures of racialized economic segregation, especially at the census tract level, may provide new insights into how segregation structures the risk of fatal and non-fatal assaults. As new place-based approaches to addressing structural determinants of health and health inequities gain traction in diverse countries [66, 69, 70] (Boston, MA, USA) . The funder had no role in the design of the study or in the collection, analysis, and interpretation of the data, or in the writing of the manuscript.
